Genital chlamydial infections lead to severe upper reproductive tract pathology in a subset of untreated women. We demonstrated previously that TNF-α producing CD8 + T cells contribute significantly to chlamydial upper genital tract pathology in female mice. Additionally, we observed minimal chlamydial oviduct pathology develops in OT-1 transgenic (OT-1) mice, wherein CD8 + T cell repertoire is restricted to recognition of the ovalbumin peptide Ova 257-264 , suggesting that non-Chlamydia-specific CD8 + T cells may not be responsible for chlamydial pathogenesis. In the current study, we evaluated whether antigen-specific CD8 + T cells mediate chlamydial pathology. Groups of wild type C57BL/6J (WT), OT-1 mice, and OT-1 mice replete with WT CD8 + T cells (1×10 6 cells/mouse intravenously) were infected intravaginally with C. muridarum (5 × 10 4 IFU/mouse). Serum total anti-Chlamydia antibody and total splenic antiChlamydia IFN-γ and TNF-α responses were comparable among the three groups of animals. However, Chlamydia-specific IFN-γ and TNF-α production from purified splenic CD8 + T cells of OT-1 mice was minimal, whereas responses in OT-1 mice replete with WT CD8 + T cells were comparable to those in WT animals. Vaginal chlamydial clearance was comparable between the three groups of mice. Importantly, the incidence and severity of oviduct and uterine horn pathology was significantly reduced in OT-1 mice but reverted to WT levels in OT-1 mice replete with WT CD8 + T cells. Collectively, these results demonstrate that Chlamydia-specific CD8 + T cells contribute significantly to upper genital tract pathology.
INTRODUCTION
Chlamydia trachomatis is the leading cause of sexually transmitted bacterial infection worldwide 1 , 2 . Chlamydial infections in a subset of untreated women ascend to the upper reproductive tract and induce severe immunopathology in the uterus and fallopian tubes, including pelvic inflammatory disease (PID), and complications such as ectopic pregnancy and infertility 3 , 4 . Due to host tropism dictated by IFN-γ evasion mechanisms, C.
trachomatis does not productively infect and cause severe pathologies in mice 5 . Chlamydia muridarum is a mouse pathogen that causes genital infection and reproductive tract pathology in mice, similar to the effects of C. trachomatis in humans 6 , 7 . We demonstrated previously that TNF-α-producing CD8 + T cells cause chlamydial upper genital tract (UGT) immunopathology 8 , and that OT-1 mice wherein CD8 + T cell repertoire is limited to recognition of the ovalbumin peptide Ova 257-264 develop minimal UGT pathology 9 ,
suggesting that CD8 + T cells that do not recognize chlamydial antigens do not contribute significantly to such pathology. However, it remained to be demonstrated that Chlamydiaspecific CD8 + T cells cause the UGT pathology.
In the current study, we compared immune responses and UGT pathology in wild type C57BL/6J (WT) mice, OT-1 mice, and OT-1 mice replete with WT CD8 + T cells at the time of Chlamydia muridarum intravaginal (i.vag) infection.
RESULTS

Immune responses following genital C. muridarum infection
On day 4 after cellular injection, CD3 + CD8 + CFSE + cells were enumerated in 3 OT-1 mice replete with WT CD8 + T cells and constituted 16.5±1.5 % of all CD3 + CD8 + T cells in the spleen, compared to none in control OT-1 mice (Fig 1A) , confirming the success of adoptive transfer. Serum anti-Chlamydia total antibody responses were measured on day 40 in WT mice, OT-1 mice, and OT-1 mice replete with WT CD8 + T cells infected with 5 × 10 4 IFU of C. muridarum and were found to be comparable between the groups of mice (Fig 1B) . The splenic total cellular IFN-γ and TNF-α production in response to in vitro C. muridarum stimulation also were comparable among the three groups of mice ( Fig 1C) .
We then evaluated Chlamydia-specific cytokine response from enriched splenic CD8 + T cells from the three groups of mice. The production of Chlamydia-specific IFN-γ and TNF-α from WT CD8 + T cells was significantly higher compared to the minimal amounts produced by OT-1 CD8 + T cells (Fig 2) . Importantly, CD8 + T cells from OT-1 mice replete with WT CD8 + T cells produced comparable levels of IFN-γ and TNF-α to WT cells demonstrating the restoration of the ability of these mice to respond to chlamydial infection via CD8 + T cells in an antigen-specific fashion. (Fig. 3) . The kinetics of vaginal bacterial shedding and resolution of infection in OT-1 mice and OT-1 mice replete with WT CD8 + T cells was comparable to that in WT mice. These results suggest that antigen-specific CD8 + T cells are not required for clearance of primary intravaginal C. muridarum infection and agrees with the similar previous findings from our lab and others 8 -10 .
Oviduct and uterine horn pathology following genital C. muridarum infection
The development of hydrosalpinx (fluid-filled oviduct dilatation), a characteristic marker of reproductive tract pathological sequelae, and uterine horn dilatation was evaluated at day 80 following primary genital chlamydial inoculation in the three groups of mice. OT-1 mice displayed significant reduction in the incidence of both oviduct and uterine horn dilatation when compared to WT mice (Fig 4A and B) . Importantly, OT-1 mice replete with WT CD8 + T cells displayed a significant increase in the incidence of both oviduct and uterine horn dilatation when compared to OT-1 mice, and to a level comparable to that in WT mice ( Fig  4A and 4B ). Furthermore, there was a significant reduction in the severity of oviduct and uterine horn dilatation as represented by the size of dilatation in OT-1 mice compared to WT animals, whereas OT-1 mice replete with WT CD8 + T cells displayed comparable severity of oviduct and uterine dilatation to WT animals ( Fig 2D & 2E , respectively). Collectively, these results demonstrate that WT CD8 + T cells that are capable of mounting Chlamydia-specific cytokine responses can restore UGT pathology in OT-1 mice to a level found in WT animals.
DISCUSSION
We demonstrated previously that TNF-α producing CD8 + T cells contribute significantly to Chlamydia-induced upper genital tract pathology 8 . Additionally, we had reported that OT-1 mice display minimal chlamydial UGT pathology 9 , suggesting that CD8 + T cells that do not recognize chlamydial antigens do not contribute significantly to such pathologies. In this study, we provide compelling evidence that antigen-specific CD8 + T cells respond to chlamydial infection and cause much of the UGT pathology following primary genital C. muridarum infection.
This study is the first to demonstrate the antigen-specificity of CD8 + T cells that mediate pathological sequelae following primary genital chlamydial infection. These results confirm and extend previous evidence on the pathogenic role of CD8 + T cells in different models including the mouse model of C. muridarum infection, salpingitis in nonhuman primates, and trachoma in human individuals 8 , 9 , 11 -14 . These previous studies had not specifically addressed whether pathologies were mediated by antigen-specific CD8 + T cells. 18 . Additionally, CD8 + T cells primed with plasmid-deficient chlamydial organisms were shown to be important in resistance against ocular infectious challenge using virulent strains of C. trachomatis 19 . Therefore, various factors including but not limited to specific phenotypic subsets, inductive sites, sites of infection and multiple infections appear to affect protective versus pathological outcomes mediated by Chlamydiaspecific CD8 + T cells.
In summary, the role of CD8 + T cells in genital chlamydial infections continues to be elaborated, and this study provides an important and compelling addition to the existing body of evidence. Given the significant interest in development of an anti-Chlamydia vaccine, future studies need to focus on teasing out the specific nature and mechanisms of pathogenesis and protective immunity mediated by Chlamydia-specific CD8 + T cells.
METHODS
Chlamydia muridarum and mice
Chlamydia muridarum Nigg (C. muridarum) strain was grown in HeLa 229 cells, and elementary bodies (EB) were obtained as described previously 20 , 21 . UV inactivated organisms were generated by subjecting gradient-purified chlamydial EB to 30 min of UV irradiation. Female 4 to 6 week old C57BL/6J WT mice and OT-1 mice were purchased from the Jackson Laboratory, and bred and maintained at Midwestern University. No specific randomization protocol was followed to place animals in different experimental groups. Personnel were not blinded to the mouse groups. Food and water were supplied ad libitum and all experimental procedures used in this manuscript were approved by the Institutional Animal Care and Use Committee (IACUC) at Midwestern University.
Enrichment of CD8 + T cells from splenocytes and adoptive transfer
Spleens were collected from naïve donor mice after euthanasia, and CD8 + T cells were enriched using magnetic beads (Easysep, Stemcell Technologies, CA) as described previously 21 . The enriched (>95%) cells were injected intravenously (1 × 10 6 cells/mouse) into recipient mice in 100 μl sterile 1X PBS 2 hours after intravaginal infection with C. muridarum. Some mice which received carboxy-fluoro-succinimidyl ester (CFSE) labeled CD8 + T cells were euthanized on day 4 and splenic CD3 + CD8 + CFSE + cells were enumerated using flow cytometry to confirm successful transfer.
Evaluation of serum antibody and cellular cytokine responses
Groups (n = 10-12) of mice (WT mice (n=12), OT-1 mice (n=12), and OT-1 mice replete with CD8 + T cells (n=10)) were bled on day 40 after infection, sera prepared, and analyzed separately for each mouse for anti-chlamydial total antibody, as described previously 21 . Reciprocal serum dilution corresponding to 50% maximal binding titer was used for comparisons. Cellular cytokine production also was evaluated as described previously 21 . Fourteen days after primary infection with C. muridarum, mice (8 per group; 4 for total splenocyte and 4 for CD8 + T cell cytokine response) were euthanized, spleens collected and pooled single cell suspensions for each group were made. Splenocytes (10 6 cells/well; quadruplicate) were stimulated with 10 4 UV irradiated chlamydial EB, or the unrelated protein bovine serum albumin (BSA), or medium alone, and incubated for 72 hours, and supernatants were collected. For evaluation of CD8 + T cell responses, enriched CD8 + T cells (10 6 
Intravaginal infection of mice and monitoring of bacterial shedding
Groups (n = 10-12) of mice (WT mice (n=12), OT-1 mice (n=12), and OT-1 mice replete with CD8 + T cells (n=10)) were treated with 2.5 mg of Depo-provera® (medroxyprogesterone acetate) per mouse subcutaneously 5 days before vaginal challenge to render the mice anestrous and receptive to the genital infection. The mice were then challenged with 5 × 10 4 inclusion-forming units (IFU) of C. muridarum contained in 10 μl of sucrosephosphate-glutamate (SPG) buffer placed into the vaginal vault. The course of infection was followed by swabbing the vaginal vault on the indicated days following inoculation. Chlamydial counts were determined separately for each mouse as described previously 21 , 22 .
Estimation of oviduct and uterine horn pathology
Groups (n = 10-12) of mice (WT mice (n=12), OT-1 mice (n=12), and OT-1 mice replete with CD8 + T cells (n=10)) were infected with C. muridarum and upper genital tract pathology was evaluated on day 80 post-challenge, as described previously 21 , 23 . Mice were euthanized and genital tracts removed. Images of tissues placed next to a standard metric ruler were photographed using a 20 mega-pixel Panasonic ZS20 camera. Dilated oviducts measuring >0.5 mm in diameter were used as an indicator of hydrosalpinx. When multiple oviduct loops were present, the one with the greatest diameter was reported. For uterine horns, the greatest cross-sectional diameter of each 5-mm longitudinal section of an individual uterine horn was measured and the average per uterine horn was used to calculate the mean per group of mice. The baseline normal mouse oviduct diameter was determined to be up to 0.5 mm and normal uterine horn diameter to be up to 1 mm by prior analysis of a group of age-matched naïve mice.
Statistical analyses
The number of animals per group for various experiments were determined based on our previous studies. Sigma Stat (Systat Software Inc., San Jose, CA) was used to perform all tests of significance. Analysis of variance (One-way ANOVA; Systat, CA) was used for all comparisons. For multiple group comparisons, Holm-Sidak method in Figure 2 and Dunn's method Figure 4 was also used). The variance between groups compared statistical statistically was similar. The differences in incidence of oviduct pathology were compared between two groups at a time using Fisher's exact test. Differences between groups were considered statistically significant if P values were < 0.05. All experiments were repeated at least twice, and each experiment was analyzed independently, with the exception of the serum antibody levels, vaginal chlamydial shedding and upper genital tract pathology results wherein results from two experiments were pooled and analyzed. 
